In this study, the authors aimed to determine whether higher activity energy expenditure, assessed by using doubly labeled water, was associated with a reduced decline in mobility limitation among 248 older communitydwelling US adults aged 70-82 years enrolled in 1998-1999. Activity energy expenditure was calculated as total energy expenditure (assessed over 2 weeks by using doubly labeled water) minus resting metabolic rate (measured with indirect calorimetry), with adjustment for the thermic effect of food. Across sex-specific tertiles of activity energy expenditure, men in the lowest activity group experienced twice the rate of mobility limitation as men in the highest activity group (41% (n ¼ 18) vs. 18% (n ¼ 8)). Conversely, women in the lowest and highest activity groups exhibited similarly high rates of mobility limitation (40% (n ¼ 16) vs. 38% (n ¼ 15)). After adjustment for potential confounders, men with higher activity energy expenditure levels continued to show reduced risk of mobility limitation (per standard deviation (284 kcal/day): hazard ratio ¼ 0.61, 95% confidence interval: 0.41, 0.92). Women showed no association (per standard deviation (226 kcal/day): hazard ratio ¼ 1.34, 95% confidence interval: 0.98, 1.85). Greater energy expenditure from any and all physical activity was significantly associated with reduced risk of developing mobility limitation among men, but not among women.
We previously demonstrated that higher energy expenditure from any physical activity is associated with lower mortality among older men and women (1) . However, a highly salient dimension of health status for many older adults is not death but functional independence, particularly the ability to walk without limitation. The loss of mobility marks a critical stage in the disablement process, whereby the risk of dependence and mortality is elevated (2) . Therefore, understanding how modifiable behaviors may help preserve mobility in later life is a critical step in improving the health of an aging society.
Total daily energy expenditure is composed of resting metabolic rate, postprandial thermogenesis, and activity energy expenditure (AEE). AEE can be further subdivided into involved in measuring free-living total energy expenditure in population-based samples. In addition, because AEE encompasses all activities an individual performs throughout the day, including planned and unintentional movement, self-report approaches to capturing this domain are inherently inadequate. Therefore, the potential health benefits of AEE have yet to be fully investigated.
In our previous work, we observed that volitional exercise (walking for exercise, bicycling, or swimming) did not distinguish older individuals with the highest AEE from those with the lowest AEE, thereby implicating everyday activity, and not simply exercise activity, as a strong contributor to reduced mortality risk (1) . Since few older adults participate in organized physical activity programs or engage in intense exercise, it is important to examine the relation of overall activity to reduced onset of mobility limitation (10) . To do so, we examined precursors of mobility limitation as measured by gait speed and self-reported mobility limitation to determine the longitudinal association between AEE and maintenance of mobility among adults aged 70-82 years.
MATERIALS AND METHODS

Study sample
In 1997-1998, investigators from the University of Pittsburgh and University of Tennessee, Memphis, recruited 3,075 participants aged 70-79 years from a random sample of white Medicare beneficiaries and all age-eligible, selfidentified black community residents to participate in the Health, Aging and Body Composition (Health ABC) study. Eligibility criteria included self-reporting no difficulty walking one-quarter of a mile (0.4 km), climbing 10 stairs, or performing activities of daily living; no plans to leave the area for the next 3 years; and no evidence of life-threatening illnesses. The sample was approximately balanced regarding sex (51% women), and 42% of the participants were black. An energy expenditure substudy carried out in 1998-1999 enrolled 323 participants and has been described in detail elsewhere (11, 12) . Three hundred twenty-three participants, selected randomly within sex and race strata, participated in an energy expenditure substudy nested in the Health ABC study. Twenty-one participants were excluded from analysis because of failure to complete the protocol, lack of appropriate urine volume specimens, or failure of isotope or resting metabolic rate data to meet a priori quality control criteria, leaving an analytic sample of 302 participants (150 men and 152 women). Fifty-nine percent (n ¼ 179) and 41% (n ¼ 123) of subjects participated in the energy expenditure substudy in 1998 and 1999, respectively. Compared with the full Health ABC cohort, the energy expenditure substudy included 8% more blacks, but there were no differences in age, sex, gait speed, self-reported walking ability, or self-reported physical activity (e.g., walking, stair climbing, working, volunteering, and caregiving). Written informed consent, approved by the institutional review boards at the University of Pittsburgh and University of Tennessee, Memphis, was obtained from each participant.
Doubly labeled water protocol
Total energy expenditure was measured by using doubly labeled water. This procedure has been described in detail previously (11) . Measurements were obtained at 2 visits separated by 2 weeks. At the first visit, participants ingested a 2 g/kg estimated total body water dose of doubly labeled water, composed of 1.9 g/kg estimated total body water of 10% oxygen-18 (H 2 18 O) and 0.12 g/kg estimated total body water of 99.9% deuterium ( 2 H 2 O). After dosing, 3 urine samples were obtained at approximately 2, 3, and 4 hours. Two consecutive urine voids were obtained during a second visit to the laboratory, approximately 15 days after the first visit. Plasma from a 5 mL blood sample was obtained from everyone but considered for only those who had evidence of delayed isotopic equilibration likely caused by urine retention in the bladder (n ¼ 28) (11) . Urine and plasma samples were stored at À20 o C until analysis by isotope ratio mass spectrometry.
Dilution spaces for doubly labeled water ( 2 H and 18 O) were calculated according to Coward (13 O). Carbon dioxide production was calculated by using the 2-point doubly labeled water method outlined by Schoeller et al. (14, 15) , and total energy expenditure was derived by using Weir's equation (16) with a respiratory quotient of 0.86. All values of energy expenditure were converted to kilocalories per day, and the thermic effect of meals was assumed to be 10% of total energy expenditure (17) . The intratester repeatability of total energy expenditure based on blinded, repeat, urine isotopic analysis was excellent (mean difference ¼ 1.2% (standard deviation, 5.4), n ¼ 16) and compared well with that in a recent review article (18) .
Resting metabolic rate protocol
Resting metabolic rate was measured via indirect calorimetry on a Deltatrac II respiratory gas analyzer (Datex Ohmeda Inc., Helsinki, Finland). Detailed procedures have been described elsewhere (12) . In brief, while a participant was in a fasting state and after 30 minutes of rest, a respiratory gas exchange hood was placed over the participant's head, and resting metabolic rate was measured minute by minute for 40 minutes. To avoid artifacts associated with the initial placement of the hood, only the final 30 minutes were used in subsequent calculations. Movement or sleeping during the test was noted, and those time periods were excluded from the resting metabolic rate calculation.
Activity energy expenditure
We calculated AEE as (total energy expenditure 3 0.9) -resting metabolic rate to remove energy expenditure due to the thermic effect of meals and energy devoted to resting metabolism. Thus, AEE was defined as the number of calories an individual expends in any and all activities per day. Physical activity level calculated as total energy expenditure/resting metabolic rate is not presented in tabular format in this paper but was used for comparison purposes to verify the AEE results.
Gait speed and mobility limitation
Gait speed is an important determinant of difficulty performing mobility-related tasks (19) and was studied here as a precursor of mobility limitation. Gait speed was measured at the baseline doubly labeled water visit and annually over 3 years. Participants were asked to walk 20 m, from a standing start, as quickly as possible without running. Subjects were given standard instructions for completing the task. Timing started when the investigator said ''go'' and ended with the first footfall over the finish line. Speed was calculated by dividing the distance by the time required to complete the task. Subjects were permitted to use a walking aid if necessary. Gait speed test, as performed in this study, has been found to be extremely reliable (20) .
We assessed mobility limitation by using questionnaires about walking ability that were administered semiannually, alternating between the annual clinic visits and telephone assessments. Mobility limitation was defined as 2 consecutive reports of any difficulty walking one-quarter of a mile. Follow-up was defined as the time from the second energy expenditure visit to the date that mobility limitation was first reported. The date of last contact or date of death was used to censor individuals who did not develop mobility limitation. Fifty-four subjects had reported mobility limitation prior to the energy expenditure visit and were excluded from the analysis (total analysis sample ¼ 248). Individuals who had mobility limitation at baseline were generally in poorer health than those who either reported no difficulty or developed limitation during the follow-up. Persons reporting mobility limitation at baseline were more likely to be black (P ¼ 0.001) and to self-report fair or poor health (P < 0.001), and they had a greater body mass index (P ¼ 0.07), more prevalent diseases (P < 0.001), and a slower gait speed (P ¼ 0.001) than individuals who reported no difficulty during the follow-up.
Self-reported physical activity
Physical activity over the past 7 days was assessed by an interviewer-administered questionnaire at the time of the doubly labeled water dosing. The questionnaire was modified from the College Alumnus Physical Activity Questionnaire to include tasks more applicable to older adults (21) (the questionnaire used for this study is available from the authors upon request). The reliability and validity of this type of questionnaire have previously been established in adults up to age 65 years (22, 23) , and the questionnaire was designed to capture duration and intensity of both recreational activities (walking for exercise) and usual daily activities (walking for other than exercise, caregiving, climbing stairs, working for pay, and volunteering) across 7 domains. For example, the domain of walking for other than exercise included walking to work and shopping. Follow-up questions assessed intensity and duration over the past 7 days and were used to estimate energy expenditure (24) . One question asked about caregiving, but only duration of the activity was assessed; thus; intensity was not included in the calculation of energy expenditure. Participants were also asked whether they performed high-intensity exercise such as bicycling, swimming, jogging, racquet sports, stair stepping, rowing, or cross country skiing, but information on duration and intensity was not collected. Self-report activities were also categorized as volitional exercise (walking for exercise and high-intensity exercise) or everyday activities to examine cumulative associations with AEE.
Other measurements
Self-reported health status (1-5 category score, excellentpoor), lean mass, body weight, and height were measured at the first energy expenditure visit. Lean mass was assessed by using dual energy x-ray absorptiometry (Hologic QDR 4500, software version 8.21; Hologic, Inc., Bedford, Massachusetts). Body weight was measured with the participant in a hospital gown with no shoes by using a calibrated balance beam scale, and height was measured with a stadiometer. Self-reported medical conditions, with confirmation by treatment and/or medication, were updated to the doubly labeled water visit in 1998-1999. These conditions included cardiovascular disease (hypertension, coronary heart disease, myocardial infarction, and stroke), lung disease (asthma, chronic bronchitis, emphysema, and chronic obstructive lung disease), diabetes, hip or knee osteoarthritis, osteoporosis, cancer, and depression. Disease conditions were summed to create a comorbidity index. Education (high school vs. no high school) and smoking behavior (current and former vs. never) were assessed during the first Health ABC annual clinic visit in 1997-1998. Cognitive status was assessed by using the Teng-modified MiniMental State Examination (25) .
Data analysis
Preliminary data analysis revealed a strong interaction between sex and AEE on the primary outcome of selfreported mobility limitation (P ¼ 0.006). Therefore, all data analyses were stratified by sex and were performed by considering the 248 individuals reporting, at the doubly labeled water visit, no difficulty walking one-quarter of a mile. For both descriptive and illustrative purposes, the data were categorized into sex-specific AEE tertiles. Statistical models were performed using the continuous form of AEE by computing values as standardized units (per standard deviation) within each sex. Participant characteristics, stratified by sex and tertile of AEE, were assessed by using analysis of variance for continuous variables and the v 2 statistic for categorical variables.
Longitudinal analyses were undertaken to evaluate whether AEE altered the trajectory of gait speed. Change in gait speed was examined in a series of linear mixed models, in which intercepts and slopes are permitted to differ between individuals and thus are often referred to as random effects (26) . The first model included a term for time, which was calculated because of unequal spacing between the initial visit and follow-up, that was considered the age at the last clinic visit date subtracted from the age at the initial contact (baseline) divided by 365.25. This term indicates the mean annual linear change in gait speed for an average participant. In this model, the main effects of AEE, aging, and baseline age and an interaction term (AEE 3 time) were tested by using the following equation:
where l 0i is the random intercept and l 1i time it is the random slope. In this model, both the main effects and interactions of AEE with time were in their continuous form. A second model was created to examine the effect of AEE on changes in gait speed while simultaneously adjusting for baseline covariates. Some of our covariates were chosen on the basis of previous observations that AEE levels are Figure 2 . Cumulative incidence plots of mobility limitation (defined as 2 consecutive reports of having difficulty walking one-quarter of a mile (0.4 km)) in A) men (n ¼ 129) and B) women (n ¼ 119) enrolled in a US study in 1997-1998, by sex-specific tertiles of activity energy expenditure. The log-rank test was used to determine the equality of the survivor function between the tertiles. Men demonstrated a significant difference in survivorship (P ¼ 0.005), but women did not (P ¼ 0.818).
associated with lean mass, smoking status, self-reported health, and medical conditions and thus were accordingly added to the model. Additional covariates included race (black vs. white) and educational status.
Each model was estimated by using an unstructured error covariance matrix with Stata version 9.0 software and the xtmixed command (Stata Corporation, College Station, Texas). Goodness of fit for each model was examined with a plot of the residuals versus the primary predictor value of AEE. Scatter plots revealed no trends or correlations between the primary predictor and each outcome, and residuals were homoscedastic across the distribution of AEE values. We also found no evidence that the associations of interest were curvilinear, as demonstrated by nonsignificant quadratic terms (P > 0.25).
Cox proportional hazards models were used to test the association between AEE and onset of self-reported mobility limitation by sex. Similar to the gait speed analysis, an age-adjusted model was first estimated, with AEE predicting the onset of mobility limitation. Potential confounders were then entered in an adjusted model. The global proportional hazards assumption was confirmed by using Schoenfeld residuals (27) . Cumulative incidence curves of mobility limitation were plotted by sex-specific tertiles of AEE for illustration purposes. The log-rank test was used to determine whether event rates differed across AEE tertiles.
Data from the self-reported physical activity questionnaires were nonnormally distributed. We expressed results as medians (25th and 75th percentiles) and performed a Kruskal-Wallis equality of populations rank test. Table 1 lists the baseline characteristics of the total sample of individuals attending the doubly labeled water visit according to tertiles of AEE. For both men and women, body mass index and lean mass were similar across AEE tertiles, as were smoking status, mental status, educational level, self-reported health, and disease conditions.
RESULTS
For the gait speed analysis, data on 7 participants with fewer than 2 follow-up observations were removed from analysis. The remaining 241 participants were observed an average of 3.8 times, with a follow-up rate of 90% at year 4. Over 3 years of follow-up, gait speed declined an average of 0.37 m/second per year, and the amount of decline did not differ by sex (sex-by-study-year interaction P ¼ 0.617). However, as illustrated in Figure 1 , men in the highest tertile of AEE had a significantly faster gait speed at baseline compared with men in the lowest tertile, and these differences remained constant over time. Each standard-deviation increase in AEE translated into a 0.060 m/second increase (P ¼ 0.008) in gait speed (Table 2 ). This relation was unaltered over time (Table 2) . Women, on the other hand, showed a reduced association between AEE and gait speed (Figure 1) , with a nonsignificant 0.029 m/second increase in gait speed for every standard-deviation increase in AEE. Adjusting for potential covariates did not alter these associations.
Eighty of the 248 subjects (32%) developed mobility limitation over an average follow-up time of 3.8 years (range: 0.25-5.14). Eighteen men (41.8%) in the lowest tertile, 9 (20.9%) men in the middle tertile, and 8 (18.6%) men in the highest tertile of AEE reported mobility limitation over follow-up. Conversely, 16 (40%), 14 (35%), and 15 (38%) women in the lowest, middle, and highest AEE tertiles, respectively, reported mobility limitation. Figure 2 shows the cumulative incidence plots for onset of mobility limitation by AEE tertile for men and women. Log-rank tests comparing event rates showed significant differences across AEE tertiles among men, but not women. Cox proportional hazards models, in which AEE was examined as a standardized continuous variable for men and women, were used to adjust for potential confounders (Table 3) . Among men, for every standard-deviation increase in AEE, the risk of reporting mobility limitation decreased by approximately 40%. This association was unaltered in multivariate-adjusted models and even after adjusting for baseline gait speed. Among women, standardized AEE showed no association, in either unadjusted or adjusted models, with risk of developing mobility limitation over the follow-up. Physical activity levels expressed per standard deviation were similar for men (hazard ratio ¼ 0.62, 95% confidence interval: 0.40, 0.94) and women (hazard ratio ¼ 1.33, 95% confidence interval: 0.97, 1.85).
Self-reported physical activity was assessed to determine whether the different associations observed for men and women resulted from differences in types of volitional activities pursued. As demonstrated in Table 4 , the proportion of individuals who reported performing volitional exercise activities was similar across AEE tertiles, which was true for both men and women. Participants in the higher tertiles of AEE reported more time and energy performing everyday activities, and this association was similar for both men and women.
DISCUSSION AEE, as assessed by using doubly labeled water, has been largely unexplored as a predictor of health outcomes. We found, in a relatively healthy sample of older men, that higher levels of AEE were associated with faster gait speed and reduced risk of developing difficulty walking one-quarter of a mile. These results did not extend to older women. Our results support the notion that physical activity, in general, is associated with reduced prevalence and incidence of disability and mobility limitation (28) (29) (30) and, more importantly, add to the existing knowledge by suggesting that cumulative energy expended in all physical activities may help maintain mobility function and reduce mobility limitation in men. Unfortunately, it is not clear why women did not demonstrate these same benefits. Difficulty performing activities that require mobility marks a serious decline in functional health that often leads to institutionalization (31, 32) and death (2) . Therefore, identifying strategies that maintain mobility is an important step in the effort to preserve functional independence with increasing age. For example, physical inactivity has been consistently associated with disability (33) (34) (35) (36) , and increasing physical activity has been found to improve gait speed and functional performance (37) . Additionally, increasing physical activity reduces the impact of morbid conditions, such as osteoarthritis, that are pivotal in the disablement process (38) . What makes our study different from past research is that AEE encompasses not only purposeful exercise and physical activity but also spontaneous, nondirected movement (fidgeting-like activity) and activities with very low workloads. In fact, in an assessment of the type of activity that influences AEE, only low-and moderate-intensity activity showed a relation (39) , presumably because the time spent on high-intensity exercise was very short. This distinction sets AEE apart from volitional exercise activity that is often studied.
Physical activity levels have long been known to be associated with reduced risk of adverse health outcomes (21, 40) . In general, the magnitude of this benefit seems to be similar for both men and women (41) . However, most of these studies, including our own previous work (1), have examined all-cause mortality or cause-specific mortality in relation to physical activity (42) (43) (44) (45) . The mechanisms underlying the beneficial effects of physical activity on mobility may differ from those impacting mortality. The few studies in this area have predominately relied on individual self-report of physical activity, with most showing a graded reduction in mobility limitation with increasing levels of physical activity (28, 30, 46, 47) . Notably, one study using a combination of pedometers and questionnaires to assess physical activity showed that women who were consistently active versus those whose activity levels were sporadic over a 14-year time period had better physical performance and a lower risk of reporting difficulty performing activities of daily living (48) . Additionally, several clinical trials have demonstrated that increasing physical activity through moderate-intensity walking results in improved gait speed, with results being consistent across sex (37, 49, 50) .
We examined several potential reasons for the unexpected sex-specific associations. Firstly, compared with men, women may have more chronic health conditions that may limit the potential biologic effects of AEE. Secondly, women may engage in more low-intensity activities that may have only a small impact on mobility limitation. Each of these potential reasons was evaluated across AEE tertiles and found not to explain our findings. For example, women and men had a similar number of health conditions across AEE tertiles, and women were no more likely than men to perform high-intensity exercise across AEE tertiles. Since these efforts did not explain our findings, activity levels assessed by using the doubly labeled water technique, which captures all daily activities including very low intensity movements, may have sex-specific effects on health conditions of the elderly.
A limitation of this study is potential residual confounding that occurs between AEE and health status in the elderly. We do not think that AEE is completely reflective of health status because the correlation between AEE and scores on self-reported health questionnaires is very low (r < 0.15, P > 0.10). We also attempted to account for these confounding effects by adjusting for several common disease conditions along with gait speed, a parameter that captures many degenerating physiologic pathways not reflected by specific health conditions.
In conclusion, greater energy expended during all activities of the day was associated with faster gait speed and reduced risk of mobility limitation among older men. However, we found no effect among older women.
